High-performance liquid chromatography using a combination of photometric, fluorimetric, and diode-laser polarimetric detectors in series for the determination of (+)-quinidine and (-)-quinine was investigated. An RP-8 reversed-phase column and methanol-water (80 + 20, v/v) with 0.2% triethylamine as mobile phase at a flow rate of 1 mL/min were used. A dynamic range of 0-200 µg for (+)-quinidine and (-)-quinine was established, with detection limits of 17.0 and 16.7 µg, respectively. An application of this method in spiked rabbit serum was developed. F or many years, a lot of importance has been accorded to the resolution of stereochemically pure compounds because the chiral compounds often display different efficacies and toxicities.
F or many years, a lot of importance has been accorded to the resolution of stereochemically pure compounds because the chiral compounds often display different efficacies and toxicities.
In natural systems, the stereospecific formation of compounds is most common. However, in chemical syntheses, mixtures of stereoisomers such as racemics or diastereomers are usually obtained. Asymmetrical syntheses and separation of stereoisomers are laborious and expensive. As a consequence, a significant portion of the most prescribed drugs are sold as stereoisomer mixtures (1) . Very often, mixtures of isomers are treated as being composed of an active and an "inactive" compound, with the latter ignored, but there is abundant evidence for interactions (2) .
Structurally, (-)-quinine (Qn; Figure 1A ) and (+)-quinidine (Qd; Figure 1B ) are diastereomers, although Qn and Qd often display quasi-enantiomeric behavior. Therefore, they are sometimes called "pseudoenantiomers" because N 1 , C 3 , and C 4 have identical configurations (1S, 3R, 4S) but C 8 and C 9 have opposite configurations for Qn and Qd. Differences in optical properties (absorption λ max and absorptivity [g], quantum yield [N] , and specific optical rotation) between the stereoisomers are small and do not allow spectrometric determination.
The different action of the pseudoenantiomers Qn and Qd drugs is apparent from their pharmacological uses. Qn is used as antimalarial, digestive, and antialopecic drugs and for nicotine-dependency treatment, whereas Qd is used as an antiarrhymic agent (3, 4) . Several methods have been described for the determination of Qn and Qd (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, to our knowledge, only one high-performance liquid chromatographic (HPLC) method (15) has been developed for the separation and simultaneous determination of Qn and Qd. In all these cases, a mixture of both drugs was probably found in the samples, and only an apparent determination of each analyte was performed because most of the detectors used (ultraviolet, fluorescence, etc.) cannot confirm the identity of the isomers (Qn and Qd) given that they elute at the same time because they are equally (or practically same) retained in the column. However, optical activity-based detectors can give information on the elution order of the antipodes and quantitative composition (16) (17) (18) (19) (20) . Additionally, the combined use of polarimetric-photometric or polarimetric-fluorimetric detectors made the total chromatographic separation of stereoisomers unnecessary, because the absorbance or fluorescence signal is proportional to the total amount of stereoisomer present while the polarimetric detector signal is dependent on the ratio of stereoisomers present. HPLC has 2 distinct advantages over the batch approach for stereoisomer determinations on the basis of polarimetric detection: easy automatization and elimination of potential interferences, chemical and optical, by virtue of the column selectivity. Besides this, a certain separation between both analytes is necessary, as well as between the analytes and the injection peaks, when diode-laser polarimetric detection is used.
This work describes a reversed-phase LC method using an achiral column for the resolution of the pseudoenantiomers Qn and Qd with photometric, fluorimetric, and laser-based polarimetric detections. The chromatographic system was used to develop a method for the determination of both pseudoenantiomers Qn and Qd in rabbit serum.
Experimental

Chemicals
Qn and Qd were obtained from Aldrich (Alcobendas, Madrid, Spain). Methanol was gradient grade from Lichrosolv Merck (Darmstadt, Germany). Diethyl ether and KH 2 PO 4 were obtained from Merck and Sigma Chemical Co. (St. Louis, MO), respectively. NaOH was from Panreac (Barcelona, Spain), and K 2 HPO 4 was from Codex (Milan, Italy). Distilled and deionized water were used.
Stock standard solutions of Qn and Qd (5 g/L) were prepared by dissolving the compounds in methanol and protecting them from light. Working standard solutions were prepared daily by filtering stock standard solutions through 0.2 µm nylon membrane filters and degassing. A 0.5M phosphate buffer (pH 8.9) was prepared by dissolving 17.8 mg K 2 HPO 4 and 1000 mg KH 2 PO 4 in 100 mL water and adjusting the pH with an NaOH-saturated water solution.
Liquid Chromatography
Measurements were performed with a Merck-Hitachi (Darmstadt, Germany) liquid chromatograph consisting of an L-6200 pump, an AS-4000 autosampler, an F-1080 fluorescence detector, and a D-6000 interface. Integration was performed with a PC-AT computer, and instrumental parameters were controlled by Hitachi-Merck HM software.
A diode-array photometric detector (Applied Biosystems, Ramsey, NJ) placed in series with the fluorescence detector was equipped with a deuterium lamp and a dual-beam, two 38-element diode arrays with a wavelength range of 190-555 nm. Data acquisition and calculation of the areas, peak heights, and retention times were performed with Grams software (Galactic Industries Corp., Salem, NH).
A ChiraMonitor 2000 optical rotation detector (Applied Chromatography Systems Ltd., Macclesfield, UK) placed in series with the photometric and fluorimetric detectors was equipped with a collimated laser diode providing up to 30 mW of light at 830 nm, a flow cell of 0.48 dm path length, and 73 µL volume. The polarimetric detection system has been described in detail elsewhere (21) . The software for managing data acquisition and processing the analog output of the ChiraMonitor 2000 was implemented in our laboratory as described previously (22) . The data acquisition and transformation were accomplished with the Pico ADC-100 (Picotechnology Ltd., Cambridge, UK), which is an analog-to-digital converter with 2 input ranges. The instrumental parameters were controlled by Picolog Software (Picotechnology Ltd.), and calculation of the areas (negative and positive peaks), peak heights, and retention times were performed with Lab-Calc LC software (Galactic Industries Corp.).
Liquid Chromatographic Operating Conditions
Qn and Qd were analyzed on a LiChrospher 100 RP-8 reversed-phase column (25 cm × 4 mm id; 10 µm particle size) from Merck. The mobile phase composition was methanol-water (80 + 20, v/v) and 0.2% triethylamine at 1.0 mL/min flow rate. Fluorimetric (λ excitation = 350 nm and λ emission = 420 nm), photometric (λ = 420 nm), and polarimetric detection were used.
Preparation of Rabbit Serum Samples
Separate rabbit serum samples for Qn and Qd were prepared for the calibration curves. Qn or Qd was added to 2000 µL rabbit serum and 500 µL (i.e., 2500 µg) methanolic solution, followed by 2 mL phosphate buffer (0.5M, pH 8.9). After mixing, the sample was extracted into 20 mL diethyl ether for 15 min; this mixture was then centrifuged (20 min, 3500 rpm), and the organic phase was removed and saved. The aqueous phase was reextracted into another 20 mL diethyl ether under the same conditions. The organic phase was removed and added to the previously saved ether; this mixture was then evaporated to dryness on a rotary evaporator (Büchi RE111, Laboratoriums-Technik AG, Flawil, Switzerland), and the residue was redissolved in methanol. Samples were prepared by successive dilutions with methanol.
Results and Discussion
Optimization of Chromatographic Conditions
Use of the diode-laser polarimetric detector and photometric or fluorimetric detector eliminated the need for chromatographic separation of the diastereomers. However, the signals from the polarimetric detector have a primary and particular problem: to be precise, the injection peak must be very big and and, thus, it is sensitive to variations in pressure due to pump pulsation, thermal variation, and gas dissolved in the mobile phase. This effect can be avoided by mixing the mobile phase beforehand and retarding the elution of the analytical peak for 2-3 min after the injection peak. The selection of solvents for use in the mobile phase is important because, first, they promote the separation of the analytes and, second, they influence the rotatory power of the analyte and give the adequate medium (polarity) to obtain excellent polarimetric signals. Qn and Qd were separated from the injection peak with a mobile phase composed of methanol-water (80 + 20, v/v) containing 0.2% triethylamine (to avoid the peak tailing) at a flow rate of 1 mL/min. Methanol was used as mobile phase because it is a good solvent of both analytes and gives good polarimetric signals, but with pure methanol the elution was performed without column retention and the analytes eluted with the injection peak; therefore, water was added to the mobile phase to increase the retention times of the analytes, knowing that the rotatory power of Qn and Qd was not greatly affected. The use of the reversed-phase stationary phase (LiChrospher RP-8 column) with methanol-water as the mobile phase resulted in poor separation but excellent optical rotation of Qn and Qd; in addition, the separation of the peaks corresponding to the analytes of the injection peak was achieved. This made the addition of chiral selectors to the mobile phase and the use of the expensive (but not always useful) chiral stationary phases unnecessary. Figure 2 shows chromatograms for Qd (Figures 2A, 2C , and 2E) and Qn ( Figures 2B, 2D , and 2F) corresponding to photometric (Figures 2A and 2B) , fluorimetric ( Figures 2C  and 2D ), and polarimetric ( Figures 2E, 2F , and 2G) detection. Retention times were 7.9, 8.4, and 8.8 min for Qd and 7.9, 8.3, and 8.8 min for Qn with the polarimetric, photometric, and fluorimetric detectors, respectively.
Determination of Qd and Qn by Using 3 Detectors in Series (Photometer, Fluorimeter, and Polarimeter)
The linearity of response of the polarimetric detector has been studied for Qn and Qd. The least squares line and detec-
Figure 4. Area under peak ratio versus ratio of stereoisomers in mixtures (%Qd) for methanolic solutions (A and B). (A) Polarimetric (Pol)-fluorimetric (FI); (B) polarimetric-photometric (Phot). Total amount, 100 µg. Each point is the mean of 3 determinations.
tion limits (observed and calculated) for Qn and Qd (n = 5) are shown in Table 1 . As can be observed, in general, the linear regressions are better with areas than with peak heights. Observed detection limit is defined as 3 × root mean square (RMS) noise, while calculated detection limit is defined as reported (23), by using Biot's law: The polarimetric detector has 2 calibrating signals, the heights of which can be relationed with specific rotation at the wavelength of the polarimeter laser. Knowing that the specific rotation for a 1M standard solution of sucrose in water is 33.4 millidegrees (calculated from Drude's law from the specific rotation of sucrose at sodium line D), we were able to compare the deflection from the calibration buttons and the standard solution of sucrose. Therefore, LC systems provide a means for reproducible introduction of the sample into the polarimetric system, and measurements of specific rotations can be made by calibrating the chromatographic peak height against the standard rotation induced by a Faraday coil (i.e., the calibration signals; 24).
The linearity between detectors (photometer, fluorimeter, and polarimeter) was investigated. For this, we have considered the area of the polarimetric signal versus the area of the photometric ( Figure 3A ) and fluorimetric ( Figure 3B ) signal, eliminating any contribution to uncertainty from preparation of solutions or injection. Good correlations were obtained in both cases. The magnitude of the slope of linearity plots of pure isomers should be identical, whereas the signs should be opposite.
Because there was little or no separation of the analytes in the column, the total amount of Qn plus Qd can be calculated from the photometer and fluorimeter signals while mixtures of GARCÍA SÁNCHEZ ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 82, NO. 6, 1999 1313 both analytes can be resolved by using the polarimeter signals. Figure 2 shows chromatograms for 100 µg Qd and Qn corresponding to fluorimetric (Figures 2A and 2B ) and photometric ( Figures 2C and 2D) detectors, respectively. Because these 2 detectors cannot distinguish between both isomers, they can be used for measurements of the total amount of the pseudoenantiomers in mixtures. On the other hand, Figures 2E, 2F , and 2G show chromatograms for 100 µg Qd, 100 µg Qn, and and 50 µg Qd and 50 µg Qn corresponding to polarimetric detection. Pure Qd appears like a positive area peak and pure Qn like a negative area peak, whereas a 50:50 sample appears like a characteristic double peak. Although there is no total separation in the polarimeter, the signals for Qd and Qn can be distinguished by using the polarimetric detector. To resolve mixtures of Qn and Qd by using 3 detectors in series, various ratios of pseudoenantiomers were injected, with the total amount kept constant at 100 µg. The results were plotted in Figure 4A as the ratio of the areas from polarimetric and fluorimetric detectors versus the ratio of Qd in the sample, and in Figure 4B as the area ratio of the polarimetric and photometric detectors versus the ratio of Qd in the sample. The unknown amount of each Qd and Qn in mixtures of both pseudoenantiomers was determined by constructing the corresponding calibration curves (one for each detector as described above) and resolving a 2-equation system of 2 unknowns as:
where A is area of fluorimeter or photometer signals, A 0 is intercept of fluorimeter or photometer regression curve, B is slope of fluorimeter or photometer regression curve, A P is area of polarimeter signals, A P0 is intercept of fluorimeter or photometer regression curve, B P0 is slope of polarimeter regression curve, and c 1 and c 2 are the concentrations of Qd and Qn, respectively. In general, photometric signals gave better correlations than fluorimetric signals, but not significantly. Thus, the polarimetric-photometric detector combination is recommended.
The smallest theoretical fraction of one isomer in the presence of the other that may be evaluated by this method is 16.7% for Qn and 17.0% for Qd and is related to the observed detection limit (16.7 and 17. Figures 4A and  4B can be determined graphically to calculate the percentages of impurities of each one of the analytes. Assuming that the changes of rotary power for both stereoisomers from the "tabulated conditions" (2M in CH 3 CH 2 OH, 25EC, sodium line D for Qd and 1M in CH 3 CH 2 OH, 20EC for Qd) to the "experimental conditions" described in this work will be equivalent for both analytes. These theoretical points for a 50:50 mixture of Qd and Qn are shown in Figures 5A (point a) and 5B (point b). The graphs in Figures 5A and 5B do not go through the points 50-a ( Figure 5A ) and 50-b ( Figure 5B ) respectively, that is, 50% of Qd and the points a and b corresponding to the theoretical points for a mixture of 50% of both isomers, which indicated that they are not completely pure but contain small quantities of impurities (e.g., other optical compound). To find the percentages of impurities in each analyte, the theoretical graph is compared with the experimental one ( Figures 5A  and 5B ). For the comparison, in Figure 5A , from point 1 (100% Qn), that is, experimental point corresponding to "pure" Qn, a line that also goes through theoretical 50:50 point is drawn. The difference between the theoretical (point 3) and the experimental value (point 2) for the point corresponding to 100% of Qd allows calculation of the percentage of impurities for Qd. For Qn, from point 2 (100% Qd), that is, experimental point corresponding to "pure" Qd, a line that also goes through theoretical 50:50 point is drawn. The difference between the theoretical (point 4) and the experimental value (point 1) for the point corresponding to 0% of Qd allowed us to calculate the percentage of impurities for Qn. The same methodology is used in Figure 5B . The impurities can be calculated by converting the difference between the theoretical and experimental values to values of polarimetric areas and inserting them in the corresponding least squares lines in Table 1. The impurities obtained by this method were 1.2 and 0.1% ( Figure 5A ) and 1.0 and 0.1% ( Figure 5B ) for Qn and Qd, respectively, which is consistent with the label composi-1314 GARCÍA SÁNCHEZ ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 82, NO. 6, 1999 tion of the pure products. In all cases, each point is the mean of 3 determinations.
Recovery Test in Rabbit Serum Samples
An application of this method in rabbit serum was performed, and recovery results (between 94 and 108%) are shown in Table 2 . Rabbit serum samples were chosen, after checking for the absence of interferences and the analytes under study, because Qn and Qd are both used as drugs in medicine and they are metabolized by means of serum. The calibration lines obtained for Qd and Qn in rabbit serum samples were similar to those discussed above for both analytes dissolved in methanol.
